This paper describes a study of explosively welded titanium-carbon steel S355J2+N plates. Following the welding, plates underwent heat treatment at temperature of 600°C for 90 min with cooling in furnace to 300°C and in air to room temperature. The structure of the bonding was examined by using light, scanning electron (SEM) and transmission electron microscopy. The mechanical properties before and after heat treatment were examined applying three-point bending tests with cyclic loads and hardness measurements. Fracture surfaces were investigated using computer tomography and SEM. It has been found that the bonding areas are characterized by a specific chemical composition, microstructure and microhardness. Between the steel and the Ti cladding, a strongly defected transition zone was formed and melted areas with altered chemical composition were observed. It was also demonstrated that the heat treatment commonly applied to welded steel-Ti plates had a significant and negative impact on the microstructure and mechanical properties of the welded plates due to formation of brittle intermetallic phases.
Introduction
Protective coatings increase the strength, reliability and fatigue life of components made of mild steels. Some types of coatings require special welding or bonding methods, such as explosive bonding (Ref [1] [2] [3] . This is a highly efficient technique used to join a wide variety of similar and/or dissimilar metals such as steel and titanium (Ref 4, 5) . The main advantage of this process is the possibility to optimize the performance of the welded plates (Ref 6, 7) under the reduced diffusion of bonded metals. Another advantage is the possibility of joining elements of large sizes (maximum size of the sheet: 4 9 7 m) and of a wide range of base and cladding material thickness (Ref 8) .
Microscopic investigations of the microstructure and mechanical properties of elements obtained by explosive welding have been reported in a number of papers . This has led to some simplifications in understanding of the properties of explosion welded plates (Ref 14, 15) . The recent progress in scanning and transmission electron microscopy enables a more detailed investigation of the microstructure of the joints. The investigations, in turn, provide the results of the post-heat treatment of the welded plates, which is performed to relieve stresses and to reduce hardness, but, if improperly conducted, may cause unfavorable changes in mechanical and structural properties of the material (Ref [16] [17] [18] [19] .
Experimental Procedures
The present study was conducted to study the microstructure and mechanical properties of explosively welded sheets of commercially pure titanium Grade 1 (ASME) plates with carbon steel S355J2+N (EN 10025). The plates dimensions were 500 9 700 mm 2 and thickness was 10 mm. Cp-titanium sheet with thickness of 6 mm was used as a flyer plate. Chemical composition and mechanical properties of welded plates are listed in Tables 1 and 2 . As an explosive, mixtures of ammonium nitrate fuel oil (ANFO) were used.
Metallographic observations were carried out using three samples cut from bimetal in the direction parallel to the joining surface. Samples were cut from the part of the plate opposite to the explosive initiation point. This part is removed prior to manufacturing of the final product. The samples were ground, polished using 0.6 lm Al 2 O 3 powder and etched in lactic and nitric acid with hydrofluoric acid in distilled water solution as described in Ref 20 . The microstructure of steel was revealed using nital (Ref 21) . Metallographic observation of parent and flyer plates and the interface was carried out using a digital light microscope Keyence VHX-600. To examine chemical composition of the zone adjacent to the interface, scanning electron microscope (SEM) Hitachi SU-70 with energy-dispersive x-ray spectroscopy (EDS) and back-scattered electron (BSE) detector was used. TEM investigations were carried out on JEOL JEM-1200 at 120 kV. Specimens were prepared using Hitachi dual beam (FIB/SEM) system. Microhardness measurements were taken across the joint boundary using Vickers tester with 100 g load and interval of 50 lm in both the steel and titanium part. In order to define the mechanical properties before and after heat treatment, three-point bending tests with cyclic loads were carried out according to ASTM A263-94a standard (Ref 22) . Specimen dimensions are shown in Fig. 1 . Fracture surfaces were investigated using computer tomography and SEM. Nanohardness measurements were taken using Hysitron TriboIndenter.
The post-welding heat treatment was performed at a temperature of 600°C for 90 min with cooling at furnace to 300°C and in the air to ambient temperature according to ASME UCS-56 Sector VIII (Ref 23).
Results and Discussion

Microstructure of the Joint
The microscopic observation focused on the representative areas in the distance from the edges which in explosively welded plates are removed prior to manufacturing of the final product. According to recent published research, wavelength and peak height of the wave are different depending on investigated places of the plate. Gradual change in wavelength along the direction of welding is observed due to change in impact angle. Interface near the explosive initiation point reveals flat morphology due to high angle of incidence while wavy interface is observed near the opposite edge of the plate (Ref [24] [25] [26] [27] . The microstructure examination of explosively welded plates titanium-carbon steel revealed wavy morphology of the joint surface in the part of the plate opposite to the explosive initiation point (Fig. 2) , with an average distance between vertices of 727 lm and the peak height of 86 lm. No delamination was found, which confirmed a well-conducted process of welding.
The microstructure of the steel plate revealed deformed grains elongated in the direction parallel to the joint ( Fig. 3a) and along the propagation direction of the explosion wave. The deformed grains were observed both at the wave peaks and in the area between them. It was found that the degree of grain deformation increased with decreasing distance from the joint. The large plastic deformation resulted in a local increase in hardness. The steel plate microstructure at a distance larger than 200 lm from the joint was characterized by pearlite and ferrite regions elongated parallel to the joint (Fig. 3b) .
The microstructures in Fig. 3 (c) and d show that the heat treatment has caused recrystallization of highly deformed grains and, in turn, hardness reduction. Recovery and grain growth were observed at the joint and at a farther distance into the steel plate. All these processes bring about a reduction in strain hardening. It has also been found that the annealing in the temperature of 600°C for 90 min leads to decarburization of the area adjacent to the joint. This decarburization is the result of carbon diffusion into the joint.
Observations of the microstructure of the titanium plate revealed that changes induced by welding extended into a wider distance from the joint than in the steel plate.
Observations of the microstructure near to the bonding surface revealed adiabatic shear banding (ASB), which is a mechanism of plastic deformation in metals deformed at a high deformation rate ( Fig. 4b ) (Ref 28, 29) . The ASBs were inclined at an angle of 45°relative to the direction of detonation and had a length of approximately 500 lm. They were built of equiaxed grains approximately of 100 nm size and low dislocation density. Since hexagonal titanium, unlike steel, does not have 12 independent slip systems, it has propensity for localization of plastic strain into ASBs. Further from the bond and next to the ASBs area, the microstructure of titanium features high density of deformation twins (Fig. 4a) , which decreases with an increasing distance from the joint.
The results of observation revealed that the applied heat treatment brings about fine titanium particles located in the ASBs. Moreover, recrystallization process occurs, as shown in Fig. 4(c) , leading to disappearance of adiabatic shear bands, formation of a homogeneous, equiaxed grains and reduction in hardness (Fig. 4d) .
Microstructure of the Joint: Vortexes
Scanning electron microscopy before and after heat treatment revealed presence of melted areas (vortexes) in the bond zone. Melted areas in bimetallic plate are found in the inner parts of the undulations and in their front portions (Fig. 5) . 2 Ti phases. However, the particles imaged in Fig. 6 in a bright-field contrast generate diffraction patterns which do not fit to those of FeTi and Fe 2 Ti. In fact, these patterns diverge from any data for intermetallic phases, indicating the presence of inclusions. TEM investigations revealed ultrafine grains in the microstructure of the vortexes. Furthermore, some microcracks were observed. The higher-resolution observations revealed a characteristic zone between the joint and the ASBs area, with equiaxed grains of titanium (Fig. 7) . The thickness of this zone was approximately 35 lm, while the grain size was approximately 7 lm.
As could be expected, the heat treatment did not change profoundly the chemical composition of the vortexes and their morphology (Fig. 8) . However, it increased measurably their size because of the diffusion taking place during the annealing. The chemical and structural composition of the vertexes did not change-see Table 4 and Fig. 8 . Generated diffraction patterns (Fig. 9b) do not fit to those of FeTi and Fe2Ti. Local melting of the joined plates takes place under high energy released by the explosion, high pressure and a temperature rise under adiabatic conditions. The melting is followed by fast cooling (10 5 -10 7 K) and high rate crystallization, which results in formation of metastable phases of high hardness >700 HV. Fast cooling also results in thermal stresses leading to void formation and microcracking (Fig. 5,  8) . The melted zones are surrounded by recrystallized ferrite grains (Fig. 10) , which are a result of heat exchange between vortex and plastically deformed base material.
Microstructure of the Joint: Transition Zone
Scanning and transmission electron microscopic investigations revealed specific features of the transition zone between the joined plates. The sample representative for the zone is shown in Fig. 11(a) , and the microstructure is illustrated in Fig. 11(b) . The zone contains a mixture of base and flyer material. Its characteristic feature is an increased content of manganese as compared to the surrounding materials (Fig. 11c ). This is due to diffusion of the elements during formation of the bond, and it proves the thermodynamic character of the bond formation mechanism.
The features of the transition zone after the heat treatment are shown in Fig. 12(b) . Fine precipitates of alpha iron (a-Fe) and titanium carbide (TiC) in the matrix of titanium were identified in the diffraction patterns shown in Fig. 12(c) . A growth of the transition zone in the titanium direction after heat treatment was observed.
The mechanism of formation of a transition joint can be described as a thermodynamic process. The changes in Gibbs free energy DG for TiC, Fe 3 C, Fe 2 Ti and FeTi as a function of temperature are shown in Fig. 13 (Ref 30, 31) . The lowest value of DG is for formation of TiC in the temperature range of 1000-2000 K, which is the temperature generated at the impact point (Ref 32) . From the Ti-C phase diagram, it can be concluded that TiC x exists as a carbide phase with stoichiometry from X = 0.47 to 0.98. X value depends on the C/Ti ratio of raw material. Higher X value corresponded to higher C/Ti ratio. But in the case of explosively welded Ti-steel bond, there is also the possibility of formation of Fe 2 Ti, FeTi and Fe 3 C. Fe 2 Ti phase forms when the C/Ti ratio is too low and the carbon content is insufficient to react with titanium to form TiC or TiC x (Ref 33).
Fatigue Behaviors
A three-point bending flexural test was performed to determine the effect of the microstructure on the fatigue strength under flexural stresses. The fatigue tests were carried out under the loading asymmetry cycle coefficient R = 0.1 and frequency of 20 Hz. The definition of failure was the complete rupture of titanium plate. The infinite fatigue life of 2 9 10 6 cycles was established. The results of the tests are presented in Table 5 .
On the basis of the results, a graph of fatigue life was prepared, shown in Fig. 14 . This graph shows a negative influence of heat treatment on the fatigue performance of the investigated bimetallic plates. The heat treatment has caused approximately 20% decrease in fatigue strength (in our case defined by bending moment) across the whole range of fatigue life.
Microhardness
Microhardness measured for the bimetallic plate before the heat treatment is shown in Fig. 15 . It was found that local strengthening occurred in the joint to a distance of approximately 200 lm into the steel. Maximum microhardness was measured near to the joint in the steel plate (HV 0,1 = 297). Nanohardness test indicated the hardness of transition zone of approximately 13.21 GPa. At a distance larger than 200 lm from the joint into the steel, hardness reaches the value of the base material.
After the heat treatment, a reduction in hardness in the bond area was observed due to decarburization of steel in this zone (HV 0,1 = 134). The hardness of intermetallic inclusions in the transition joint was reduced to 6.11 GPa. In the case of titanium, the heat treatment also reduced hardness due to the process of recovery, recrystallization and annihilation of adiabatic shear bands.
Fracture Surface Analysis
Observations of fracture surfaces were carried out to assess the influence of heat treatment on the mechanism of crack propagation. SEM images in Fig. 16 show the fracture surface of titanium plates in samples subjected to fatigue under a bending moment of 96 Nm before (column ''a'') and after (column ''b'') the heat treatment. The front of the crack in the samples before the heat treatment (Fig. 16a) was more regular. The crack stopped at a distance of approximately 0.5 mm from the joint before the final damage. After the heat treatment (Fig. 16b) , the cracking was irregular with no restraining effect near the joint.
At the crack initiation stage (Fig. 16a-I and b-I), fissure-type striations (FS) and striation-like marking (SM) can be noticed. Figure 16 (a-I) illustrates the crack blocking at grain boundaries (B) and deformation twins (T), not observed after HT. At the stages of stable crack growth (Fig. 16a-II and b-II) and unstable cracking (Fig. 16 a-III and b-III) , dislocation slip (S) with accompanying twinning (T) takes place. Numerous microcracks at the junction of slip bands (MC) and secondary cracks (SC) were also observed.
Interesting results were obtained during examination of the surface of the joint after delamination (Fig. 16a-IV and b-IV) . The specimen before the heat treatment revealed a wavy morphology of the joint. After the treatment, this feature was also observed. Differences in wave dimensions in Fig. 16 (a-IV and 16 b-IV) are due to different locations of investigated samples.
In order to investigate the crack propagation, a computed tomography was used. The investigated samples were fatigued until the main crack appeared but before the delamination of the joint. The images obtained are shown in Fig. 17 . Delamination of the joint took place under the effect of the crack, which propagated from the corner of the titanium side toward the joint, in agreement with the fact that maximum stresses occur at some distance from the front of the propagating crack.
Conclusions
The analysis of the results shows that explosive welding results in diffusion of elements under the influence of high stress. Local plastic deformation of the joined plates and high temperature enable achievement of high adhesion. Diffusion and recrystallization during the bonding lead to formation of a transition layer in the joint. The time of bonding is short and the impact zone between the materials is small. Simultaneously, the cooling rate reduces the formation of intermetallic phases to a minimum.
The microstructure of the joint is characterized by the presence of areas containing remelted and solidified titanium with some content of iron and metastable phases. The heat treatment used in the study increases the relative volume of intermetallic phases. Moreover, it causes a reduction in fatigue strength of the joint.
